1. The cartilage-proteoglycan-degrading activity of synovial fluid cells from rheumatoid patients is primarily due to neutral protease activity; hyaluronidase does not contribute significantly. Evidence for these conclusions is adduced from electrophoresis of degradation products, from comparison of the proteoglycan-degrading and protease activities of extracts and from the effects of activators and inhibitors.
purified proteoglycans (chondromucoprotein) extracted from cartilage (Wood, Pryce-Jones, White & Nuki, 1971) . Proteoglycans are structurally important polymers which comprise a major fraction of the organic material in articular cartilage. They consist of glycosaminoglycan macromolecules (chondroitin 4-sulphate, chondroitin 6-sulphate and keratan sulphate) covalently linked to protein. Degradation of these cartilage proteoglycans leads to loss of the characteristic visco-elastic properties of the tissue, which are essential to its normal functioning, and we suggested that the enzyme activity we had observed might contribute to the degradation of cartilage in rheumatoid arthritis.
The term chondromucoprotein (Malawista & Schubert, 1958 ) is used to distinguish partially purified proteoglycans, such as we used in our earlier work, from highly purified proteoglycans. Unlike the latter, chondromucoprotein is heterogeneous in the analytical ultracentrifuge and contains small amounts of collagen. Our previous work indicated that the reduction in the viscosity of chondromucoprotein was not due to degradation of the glycosaminoglycan portion of the proteoglycans or, primarily, to degradation of collagen but was probably due to hydrolysis of non-collagenous protein. Further evidence for this view is now presented.
Some properties of the synovial fluid cell neutral proteases are described and discussed in relation to blood granulocyte proteases. Some of these may be implicated in the degradation of cartilage proteoglycans in rheumatoid arthritis (Ziff, Gribetz & LosPalluto, 1960 ; Janoff & Blondin, 1970; Oronsky, Ignarro & Perper, 1973) .
MATERIALS AND METHODS
Cells were separated from synovial fluids (10-50 ml) of rheumatoid patients by centrifuging, washed with NaCl(O.15 mol/l), suspended in 5 ml of Tris-HC1 buffer (0.1 mol/l) at pH 7-5 and disintegrated by sonication (MSE Ultrasonic Disintegrator, 2 min, 04°C). Cell debris was removed by centrifuging (2000 g, 15 min, 4°C) and the resulting opalescent supernatant ('crude cell extract') used as a source of enzyme (Wood et al., 1971) . In some experiments crude cell extract (4 ml) was separated into a pellet, fraction P, and a soluble fraction, fraction S, by centrifuging at 100000 g for 1 h at 4°C (Spinco model L centrifuge, rotor no. 40 E). Fraction P was suspended in 4 ml of Tris-HC1 buffer (0.1 mol/l) at pH 7.5.
Polymorphonuclear leucocytes (granulocytes) and lymphocytes were isolated from blood (25 ml) of normal humans or rheumatoid patients by the method of Bayum (1968) . Preparations of both types of cell were more than 93% homogeneous. The cells were sonicated in 2 ml of Tris-HC1 buEer (0.1 mol/l) at pH 7.5 as described above and the crude sonicate was used without centrifugation.
Chondromucoprotein was prepared from bovine nasal septum as described by Partridge, Davis & Adair (1961) . A purified proteoglycan (PPL-3) was prepared from the same source by the method of Pal, Doganges & Schubert (1966) .
Enzyme assays
The proteoglycan-degrading activity of enzyme preparations was determined by measuring the reduction of the viscosity of solutions of chondromucoprotein or PPL-3 (Wood et al., 1971) . One unit of activity is that amount of enzyme which causes 20% decrease in specific viscosity in 10 min when added, in 0.2 ml, to 2 ml of substrate solution (0.4% in Tris-HCl buffer, 0.1 mol/l, pH 7-5 at 25°C).
Protease activity was determined with a number of proteins as substrates. With ureadenatured haemoglobin (Koch-Light Ltd, Colnbrook, Bucks.) the method was that of Laskowski (1955) . With NN-dimethylcasein (BDH Ltd, Poole, Dorset) the method was adapted from that of Lin, Means & Feeney (1969) . The incubation volume was 1.5 ml and 1 ml of 10% (w/w) Triton X 100 (Sigma, London) was used in place of sodium dodecyl sulphate.
Glycine (BDH Ltd) was used as a standard to calculate the concentration of amino endgroups released. With casein the method of Kunitz (1947) was used.
Hide-powder azure (grade B, Calbiochem Ltd, London), 3 mg in 1-4 ml buffer, was used as a protease substrate essentially as described by Rinderknecht, Silverman, Geokas & Haverback (1970) . The assays were terminated by rapid filtration. Enzyme activity, in milligrams of substrate dissolved per hour, was determined by comparing the extinction (ESg5) of the filtrate with that of hide-powder azure (3 mg/l.4 ml) which had been completely dissolved by chymotrypsin (EC 3.4.21.1 ; Sigma, London).
Elastin, prepared from ox ligamentum nuchae by the method of Partridge & Davis (1955) , was covalently dyed with Remazol Brilliant Blue R (Hoeschst-Castella, Ltd, Manchester) (RBB) as described by Rinderknecht, Geokas, Silverman, Lillard & Haverback (1968) . The resulting RBB-elastin was used as a protease substrate as described for hide-powder azure except that the incubation time was 6 h and hog pancreatic elastase (EC 3.4.21.1 1) was used to determine the absorbance of the substrate which had been completely dissolved. Calf-thymus histone (Koch-Light Ltd) was used as a protease substrate as described by Davies, Rita, Krakauer & Weissmann (1971) , except that the released end-groups were estimated by using the trinitrobenzene sulphonic acid (Sigma, London) method of Lin et al. (1969) with the concentration of NaHC03 increased to 95 mmol/l.
The rates of hydrolysis of acetyltyrosine ethyl ester, benzoyltyrosine ethyl ester, tosylarghine methyl ester and benzoylarginine ethyl ester at pH 7.9 were determined as described by Humme1 (1959) . The rates of hydrolysis of benzoylarginine p-nitroanilide and benzoylarginine P-naphthylamide at pH 5.0 and of leucine-B-naphthylamide at pH 7.0 were determined by the methods of Erlanger, Kakowsky & Cohen (1961), and Blackwood & Mandl (1961) , respectively (all these synthetic substrates were from BDH Ltd). The hydrolysis of N-(t-BOC)-L-aIanine p-nitrophenyl ester (NBA; Sigma, London) and CBZ-L-alanine p-nitrophenyl ester (NCA; Sigma, London), two synthetic substrates for elastase (Janoff, 1969; Shotton, 1970) , was followed at 37°C by the method of Janoff (1969) . To prepare the substrate solutions NBA (20 pmol) was dissolved in 5 ml of methanol and NCA (1 5 pmol) was dissolved in 10 ml of methanol; each solution was then diluted to 100 ml with sodium phosphate buffer (0.1 mol/l) at pH 7.5, containing KC1 (0.2 mol/l).
Protein concentrations were determined by the method of Miller (1959) .
Electrophoresis
PPL-3 (4 mg in 1 ml) was incubated at 37°C for 16 h with synovial fluid cell extracts (5 proteoglycan-degrading units in 0.1 ml), chymotrypsin (5 pg in 0.1 ml) or hyaluronidase (EC 3.2.1.35 and 36) (Sigma, London) (50 units in 0.1 ml). When synovial fluid cell extract and chymotrypsin were used the solvent for substrate and enzymes was Tris-HC1 buffer (0.1 mol/l) at pH 7.5. When hyaluronidase was used the solvent was sodium acetate buffer (0.1 mol/l) at pH 5.0. Electrophoresis of the degradation products and of chondroitin sulphate (Sigma, London) was carried out on polyacrylamide gels (13%, w/v, acrylamide and 0.4%, w/v, bisacrylamide) as described by Davis (1964) . The current was 2 mA/tube for 40 min. Gels were stained with Alcian Blue 8GX (Edward Gurr Ltd, London) or Saffranine 0 (Hopkin and Williams, Romford, Essex).
Degradation of cartilage
Slices of cartilage (20-40 mg each) were cut from the fore-limb hoof joints of a bullock within 2 h of the death of the animal. In all subsequent operations sterile glassware, buffers and salt solutions were used. All solutions contained penicillin (Glaxo Ltd; 50 units/ml) and streptomycin (BDH Ltd; 250 mg/l), which did not affect the proteoglycan-degrading activity of synovial fluid cell extracts. Cartilage slices were washed with KC1 solution (0-2 mol/l) and samples (60 mg) were incubated with shaking at 37°C for 16 h in buffers (5 ml) containing fraction P of synovial fluid cell extracts (10 units of proteoglycan-degrading activity/ml). The buffers (0-1 mol/l+KCl 0.2 mol/l) were acetate (pH 4 9 , phosphate (pH 7.5) and glycine (pH 9.0). Other cartilage samples were incubated similarly with (a) 5 ml of buffer containing 0-5 ml of cell-free synovial fluid, (b) 5 ml of buffer containing fraction P plus cell-free synovial fluid and (c) 5 ml of buffer alone. After incubation the uronic acid concentration in the supernatant was determined (Bitter & Muir, 1962) . The cartilage slices were examined macroscopically, fixed in 4% buffered formalin at pH 4.0 and sectioned perpendicularly to the articular surfaces. Serial sections were stained with Alcian Blue and Toluidine Blue (Edward Gurr Ltd).
RESULTS

Electrophoresis of enzymically degraded proteoglycan
Electrophoresis of PPL-3 degraded by synovial fluid cell extracts or chymotrypsin gave similar patterns, whose most prominent feature was a sharp band which stained with Alcian Blue and Saffranine 0 and had the mobility of chondroitin sulphate. Hyaluronidase-degraded PPL-3 gave only one band, which stained only with Alcian Blue and had a mobility 43% greater than that of chondroitin sulphate.
Inhibition and activation of the enzyme activity of crude cell extracts
similarly by a number of inhibiting and activating substances (Table 1) .
Comparison of proteoglycan-degrading and protease activities of crude cell extracts
Determination of the enzyme activities of cells from thirteen samples of synovial fluid showed a close correlation between proteoglycan-degrading activity and protease activity with hide-powder azure substrate (Fig. 1) . A similar experiment with a further fifteen samples gave a similar correlation of proteoglycan-degrading activity and protease activity with denatured haemoglobin as substrate, thus extending earlier observations (Wood et al., 1971) .
Particle-bound nature of enzyme activity
When crude cell extracts (eleven samples) of widely different enzyme activities were centrifuged 7844% (mean 8 1 %) of the proteoglycan-degrading activity and 7694% (mean 8 1 %) of the protease activity (hide-powder azure as substrate) sedimented in fraction P, which also con-
The proteoglycan-degrading and protease activities of synovial fluid cell extracts were affected Determined with chondromucoprotein as substrate with 0-5 unit of proteoglycan-degrading activity/ml.
Determined with hidepowder azure as substrate with 20 units of proteoglycandegrading activity/ml. (Table 2 ) and in all cases most of the hydrolytic activity was recovered in fraction P. Fraction S was found to contain a complex mixture of enzymes (unpublished experiments) and since fraction P was much more active it was studied further. Repeated sonication of suspensions of fraction P in Tris-HC1 buffer (0.1 mol/l) at pH 7.5 solubilized (i.e. did not sediment at 100000 g for 1 h) less than 2% of its enzyme activity or protein content. The relationship between proteoglycan-degrading activity and protease activity (hide-powder azure) of fraction P is the same as the relationship between these two activities in crude cell extracts (Fig. 1) . The pH-dependence of the protease activity of fraction P resembles that of crude cell extracts with hide-powder azure (Fig. 2) or denatured haemoglobin (Wood et al., 1971) as substrates, with a peak of activity at pH 7-5-8.0, high activity at about pH 10 and little activity below pH 6.0.
. -. 
Substrates were hide-powder azure (v), RBB-elastin (0) and urea-denatured haemoglobin (W).
Relative activity = activity in the presence of KCljactivity without KCI.
Solubility of fraction P
The rate of hydrolysis of insoluble protein substrates, hide powder and RBB-elastin, by fraction P, increased markedly (up to thirteenfold) as the salt concentration of the reaction mixtures was increased to 0.6 mol/l. The rate of hydrolysis of the soluble substrate denatured haemoglobin, on the other hand, was relatively little affected by KCl concentration (Fig. 3) .
To determine the effect of increasing concentration of KCI on the solubility of cell protease, the mixtures (Fig. 3) containing 0.2, 0.5 and 1 mol/l KC1 were centrifuged at 100OOO g for 1 h.
The supernatant solutions contained 47, 80 and 90% of the total activity respectively. Above 0.6 mol/l KCl, when more than 80% of the enzyme had been solubilized, the rates of hydrolysis of hide-powder azure and the soluble substrate were almost independent of KC1 concentration.
For reasons which were not explored the rate of hydrolysis of RBB4astin decreased markedly at high salt concentrations.
Synthetic substrates
Neither fraction P nor fraction S caused significant hydrolysis of benzoylarginine ethyl ester, benzoylarginine B-naphthylamide, benzoylarginine p-nitroanilide or tosylarginine methyl ester. Fraction S, but not fraction P, hydrolysed leucine B-naphthylamide. Fraction S hydrolysed benzoyltyrosine ethyl ester and acetyltyrosine ethyl ester. Fraction P hydrolysed these esters only very slowly, possibly as a result of contamination with traces of fraction S. Only two of the synthetic substrates were hydrolysed readily by fraction P, namely NBA and NCA. Typical activities were: NBA, 1.74pmol hydrolysed min-' mg-of protein; NCA, 1-44pmol hydrolysed min-l mg-I of protein. Fraction S hydrolysed these compounds at about 5-10% of these rates.
Inhibition of elastase-like activity by synovial fluid and serum
Synovial fluid and serum inhibited hydrolysis of hide-powder azure and the elastase substrates, RBB-elastin, NBA and NCA by fraction P. A preparation of fraction P, which had an RBB-elastin-hydrolysing activity of 6.3 mg h-l mg-l of protein, was completely inhibited by cell-free rheumatoid synovial fluids and normal sera which had been diluted 50-200-fold to contain approximately 1.9 and 3-lg of protein/l respectively. A solution of pancreatic elastase with RBB-elastin-hydrolysing activity of 9.9 mg h-' mg-I of protein was also completely inhibited under these conditions. The diluted synovial fluids and sera alone did not hydrolyse RBB-elastin in these experiments. Similar concentrations, however, caused appreciable hydrolysis of NBA and NCA. Typical activities were: synovial fluid, 0-021 pmol of NBA min-' mg-' of protein and 0.026 pmol of NCA min-' mg-I of protein; serum, 0.033 pmol of NBA min-l mg-' of protein and 0.052 pmol of NCA min-l mg-I of protein. These results were typical of twelve synovial fluids and three sera and agree with the findings of Janoff & Blondin (1970) , who attributed the activities to the elastase-like protease of granulocytes. When synovial fluids and sera were diluted to concentrations at which their own NBA-and NCA-esterase activities were less than 1 % of the activity of fraction P, they still caused considerable inhibition of the hydrolysis of these substrates by fraction P ( Table 3) . It is concluded that the NBAand NCA-esterase activities of synovial fluid and fraction P are due to different enzymes.
Cartilage degradation
There was some loss of staining and release of hexuronate from cartilage incubated at pH 4.5 without added cell enzyme. This was probably due to chondrocyte cathepsin D (Dingle, 1969) . These effects were somewhat increased by fraction P. There was no significant loss of staining or release of hexuronate from cartilage in buffer alone, at pH 7.5 and pH 9.0, but fraction P caused complete loss of staining and considerable loss of hexuronate at these pH values. Cellfree synovial fluid caused no loss of staining or release of hexuronate at pH 7.5 or 9.0 but strongly inhibited the effects of fraction P at these pH values. Table 4 gives the results on hexuronate release.
Proteoglycan-degrading activity of granulocytes and lymphocytes of blood
Signiscant amounts of proteoglycan-degrading activity (1 6-39 units/mg of protein, mean 30 units) were observed in extracts of the granulocytes isolated from each of five 25 ml samples of human blood, three of which were from rheumatoid patients and two from non-rheumatoid patients. Less than 2 unitlmg of protein (mean 1-4 unitslmg of protein) were observed in extracts of the lymphocytes from the same samples. The activities of neutral protease (hidepowder assay) in two of these preparations were: granulocytes, 2-06 and 1.75 mg of substrate dissolved h-' mg-l of protein; lymphocytes, less than 0-025 mg of substrate dissolved h-' mg-' of protein. This suggests that the proteoglycan-degrading activity from synovial fluid cells is likely to derive primarily from the granulocytes. Attempts to separate the granulocytes and lymphocytes from small quantities of synovial fluid, by the method used with blood, proved unsuccessful.
Indeed, difficulty was encountered in recovering cells completely by centrifuging some highly viscous fluids. Probably as a result of this there was only a slight correlation between the total proteoglycan-degrading activity from the cells of thirty samples of synovial fluid and either the white blood cell count (Kendall's z = 0.37) or the granulocyte count (Kendall's z = 0.64) of the fluids.
DISCUSSION
The electrophoretic mobility and staining characteristics of the degradation products of proteoglycan confirm and extend earlier findings with chondromucoprotein (Wood et al., 1971) . They show that the proteoglycan-degrading activity of crude synovial fluid cell extracts is due to proteolysis and that hyaluronidase does not contribute significantly. This view is supported by the close correlation between the proteoglycan-degrading activity and the proteolytic activity (with two substrates) of a range of cell extracts (Fig. l) , and by the similarity of the pH-activity curves obtained with hide-powder azure as substrate, in the present work (Fig. 2) , and with denatured haemoglobin and chondromucoprotein as substrates in earlier work (Wood et al., 1971) . The qualitative similarity of the effects of various activators and inhibitors (Table l) , including serum and cell-free synovial fluids, on the proteoglycan-degrading activity and protease activity of cell extracts, further support the conclusion that proteoglycandegrading activity is primarily proteolytic. Little significance can be attached to quantitative comparison of the effects of the activators and inhibitors (Table l), in view of the different conditions of the two enzyme assays, e.g. enzyme/substrate ratio and the polyanionic nature of the proteoglycan.
The proteolytic activity of cell extracts with purified proteoglycan as substrate shows that the activity previously observed with chondromucoprotein as substrate was probably due to direct action on the proteoglycan protein itself rather than on other proteins responsible for interactions between proteoglycan molecules.
Granulocytes and lymphocytes comprise about 94% of the cells found in rheumatoid synovial fluids, granulocytes being the predominant type (60-90%). The properties of fraction P of synovial fluid cell extracts, which contains most of the proteoglycan-degrading activity, are similar to those of the neutral protease extracted from human blood granulocytes by other workers (Mounter & Atiyeh, 1960; Ziff et al., 1960; Ohlsson, 1971; Janoff, 1972; Janoff & Blondin, 1970; Folds, Welsh & Spitznagel, 1972; Leiberman & Kaneshiro, 1972) . Thus activities towards synthetic substrates are similar, as also are responses to activators and inhibitors.
Fraction P was insoluble in Tris-HC1 buffer (0.1 mol/l) at pH 7.5. In this respect and in substrate specificity fraction P appears to be quite distinct from the mixture of hydrolases present in the soluble fraction of cell extracts (fraction S). Fraction P became progressively more soluble as increasing concentrations of KC1 were added to the buffer and this probably accounted for the concomitant increase in the rate at which insoluble protein substrates were hydrolysed (Fig. 3) , for solubilization of the enzyme is expected to facilitate approach of the enzyme to the substrate. Solubilization would be expected to have relatively little effect on the rate of hydrolysis of soluble protein substrates and the rate of hydrolysis of denatured haemoglobin was in fact little affected by KCI concentration (Fig. 3) .
Neutral to alkaline proteases from rabbit granulocytes and rat muscle have also been found to be insoluble at low ionic strength but soluble at high concentrations of KCl (1-2-5 mol/l) (Davies et al., 1971 ; Holmes, Parsons, Park & Pennington, 1971) . Leiberman & Kaneshiro (1972) reported that elastase-like esterase activity can be extracted from human purulent sputum leucocytes by NaCl(1 mol/l) but not by water alone and suggested that solubilization of the enzyme probably accounted for their results. Despite the insolubility of the synovial fluid cell proteoglycan-degrading activity at low ionic strength, our results show that the enzyme can cause release of glycosaminoglycans from cartilage at salt concentrations not far removed from that of synovial fluid (1 50 mmol/l). Throughout this work attempts were made to detect acid-protease activity in cell extracts with three substrates, but these were uniformly unsuccessful. The small amount of uronic acid released from cartilage as a result of prolonged incubation with relatively high concentrations of fraction P at pH 4.5 (Table 4) may be due to a trace of acid protease. Folds et al. (1972) did not detect acid protease in human leucocytes but others (Mounter & Atiyeh, 1960; Stiles & Fraenkel-Conrat, 1968; Ziff et al., 1960) detected small amounts. However, these appear to have been smaller than in similar preparations from rabbits (Weissmann & Spilberg, 1968; Cohn & Hirsch, 1960; Wasi, Murray, Macmorine & Movat, 1966) and pigs (Lebez 8c Kopitar, 1970) . Comparison is difficult in view of the variety of extraction methods and assay procedures that have been used but a recent comparative study (Oronsky et d., 1973) suggested that human granulocytes contain considerably more proteolytic activity at pH 7.4 than at pH 5.0 and that the reverse is true for similar preparations from guinea-pig or rabbit.
